Translocation of the BCL2 gene in B-cell malignancies carrying t(14;18) and amplification of the BCLZ gene in a cell line (HBL-2) derived from a non-Hodgkin's lymphoma (NHL) were detected specifically in both metaphase spreads and interphase nuclei by fluorescence in situ hybridization [FISH) using yeast artificial chromosomes (YACs). A YAC clone containing the BCK gene yA153A6, a 360-kb clone spanning from approximately 60 kb upstream of BCLZ exon I to approximately 60 kb 3' of the minor breakpoint cluster region, was used for single-color FISH analysis. Seven patients with NHL end one patient with acute lymphoblastic leukemia were analyzed for BCL2 translocations. Interphase nuclei of NHL patients showed three signals when hybridized with the yA153A6 probe. This was expected because the YAC clone spans the BCK breakpoint regions on 18q21.3. In a patient with acute lymphoblastic leukemia, a positive signal for BCLZ was detected on der(l4) at band 14q32.33 by single-
HE TRANSLOCATION t(14; 18)(q32;q21) has been shown in 80% to 85% of follicular lymphomas,' in 10% to 30% of diffuse lymphoma^,^-^ in approximately 2% of chronic lymphocytic leukemia cases,5 and in rare cases of multiple myelomas.6 Molecular studies of this translocation have disclosed a juxtaposition of the BCL2 proto-oncogene with the human Ig heavy-chain (IgH) gene 10cus.~"~ On chromosome 18, the breakpoints typically occur at two loci in approximately 60% and 30% of cases, the major breakpoint region (MBR),*"' which is located in the 3' noncoding region, and the minor breakpoint cluster region (MCR)," which is located in the 3' flanking region, respectively. In addition to these breakpoints, rearrangements between Ig light-chain gene loci and a region of the BCL2 gene have been reported to occur preferentially in B-cell chronic lymphocytic le~kemia.~*'*.'~ On chromosomes 14, 2, and 22, the breakpoints occur at or near the joining regions of heavy-~hain~*~."~ and light-chain
The translocations are discernable by cytogenetic analy~is,"~ by Southern blot analysis for BCL2 rearrangements$8"' or, more recently, by in vitro amplification of the MBR and the MCR with polymerase chain reaction (PCR).I4," However, there is no approach capable of detecting this translocation in nondividing cells. In recent years, fluorescence in situ hybridization (FISH) particularly with yeast artificial chromosome (YAC) clones has permitted the detection of genetic alterations in interphase
In the present study, using FISH with a YAC clone containing the BCL2 gene, we showed the BCL2 translocation in cases of t(14; 18)-canying B-cell malignancy and the amplification of this gene in one cell line derived from nonHodgkin's lymphoma (NHL). In addition, we showed the juxtaposition of the band 14q32.33 with the band 18q21.3 on metaphase spreads and interphase nuclei by using doublecolor FISH with YAC clones containing the IgH and the gastrin-releasing peptide (GRP) gene, which map to bands 14q32.33 and 18q21.3, respectively. color FISH with the yA153A6 probe, whereas no signals were detected on der(l8). The amplification of BCL2 in the HBL-2 cell line was observed on a characteristic abnormal chromosome 18, add(18)(q23); the periodic pattern of the fluorescent signal of this region was suggestive of an amplicon. Using double-color FISH with VAC clones containing the more centromeric 18q21.3 gene gastrin-releasing peptide (y302F10) and the 14q32.33 gene (IgH; Y6).
T

MATERIALS AND METHODS
Patients
we detected t(14;18) by showing the juxtaposition of the 18q21.3 and 14q32.33 bands on the derivative chromosome 18. Interphase FISH with these YAC clones provided a rapid procedure for the diagnosis of B-cell malignancies carrying t(14;18). In addittion, we showed that translocations and amplification of the BCL2 gene can be detected at the singlecell level. 0 1995 by The American Society of Hematology.
leukemia (ALL), all carrying t(14; 18), and one cell line HBL-2I9 derived from NHL were studied. The cytogenetic findings are summarized in Table 1 . Metaphase spreads and interphase nuclei of tumor cells were prepared from short-term cultures of either lymph node suspensions or bone marrow cells. All samples were. fixed in methanoYacetic acid (3: 1) and stored at -20°C for between 1 week and 5 years. G-banded metaphases were. arranged according to the recommendations of International System for Human Cytogenetics.2" Control samples consisted of phytohemagglutinin-stimulated peripheral blood lymphocytes obtained from a healthy donor, amniocytes from a patient who underwent prenatal diagnosis, and lymph node cells from a patient with lymphadenitis, all showing normal chromosome status.
DNA probes. The YAC clones containing the BCL2 (yA153A6) and the GRP (y302F10) genes were isolated from a YAC library constructed at Washington University (St Louis, MO) and Centre d'Etude du Polymorphisme Human (CEPH) (Paris, France) by a PCR-based screening protocol." The YAC yA153A6 is a 360-kb * Current karyotype is described.
clone that spans the entire BCL2 gene, mapping from approximately 60 kb upstream of exon I to approximately 60 kb 3' of the MCR. Consequently, FISH probes derived from this YAC should be capable of detecting
5' rearrangements and MBR and MCR
rearrangements and, hence, be suitable for the present studies. y302F10 is 330 kb in size and is a more centromeric clone than yA153A6, mapping to band 18q21.3; the fractional lengths from pter (FLpter) 5 SD of each clone are 0.73 ? 0.04 and 0.77 2 0.04, respectively (G.A. Silverman, unpublished observations). The location of GRP relative to BCL2 has been confirmed by PCR analysis using a chromosome 18 deletion panel of somatic cell hybrids." The YAC containing the IgH gene Y6, approximately 320 kb in size, was isolated by PCR screening of a YAC library established from a human Epstein-Barr virus-transformed cell line, CGM-l, as described previo~sly.'~ To show the definite colocalization of bands 34q32.33 and 18q21.3 on der(14)t(14; 18), we used y302F10 and Y6 as probes for double-color FISH studies (see Fig 1 for the clones discussed above).
FISH. For FISH studies, human sequences of the YAC clones were specifically amplified using Alu-based PCR primers CL1 and/ or CL2.24 Ten-microliter aliquots of amplified DNA sequences were fractionated by gel electrophoresis. The PCR products were labeled by standard nick-translation using biotin-16-dUTP (Boehringer Mannheim, Mannheim, Germany) or digoxigenin-1 I-dUTP (Boehringer Mannheim) and were purified using Sephadex G50 spin columns. Chromosomal in situ suppression hybridization of YAC probes was performed as described previously." Briefly, 100 to 150 ng of the Alu-PCR-amplified YAC was denatured, allowed to preanneal with unlabeled human Cot-l DNA (10 to 15 g) at 37°C for 20 minutes, and hybridized for 17 to 20 hours. Signal detection and amplification were achieved by subsequent incubation with fluorescein isothiocyanate conjugated to avidin (FITC-avidin DCS; Vector Laboratories, Burlingame, CA) and a final layer of avidin-FITC for biotinylated probes and with mouse antidigoxin (Sigma), rabbit antimouse IgG-tetramethylrhodamine isothiocyanate (TRITC; Boehringer Mannheim), and goat antirabbit IgC-TRITC (Boehringer Mannheim) for digoxigenin-labeled probes. Metaphase spreads and interphase nuclei were conterstained with 1 pg/mL of 4,6-diamidino-2-phenylindole with or without 0.2 pg/mL of propidium iodide and were mounted in antifade solution (Vectashield; Vector Laboratories). Results were analyzed under a conventional fluorescence microscope (Olympus BX40-RF; Olympus, Tokyo, Japan), and photographed on Fuji D1600 film (Fuji Film CO, Tokyo, Japan). A double or triple band-pass filter set (Omega Optical, Brattleboro, VT) was used for the simultaneous detection of FITC and TRITC signals. For the analysis of nondividing cells, hybridization signals 
RESULTS
Alu-PCR products of yA153A6 and y302F10 showed a number of bands from 500 bp to 4 kb in length. The sizes and intensites of individual bands were found to be specific to each YAC clone. yA153A6 and y302F10 showed strong signals specific to band 18q21.3. We confirmed that y302F10 is more centromeric than yA153A6 using double-color FISH. In control samples, interphase nuclei cohybridized with the IgH (red) and the GRP (green) probes showed two red and green hybridization signals that were well separated. Table 1 summarizes the results of single-color FISH with the BCL2 YAC clone and of double-color FISH with the YAC clones containing IgH (Y6) and GRP (y302FIO) on metaphase spreads from seven patients with NHL, one patient with ALL, and one cell line HBL-2 derived from NHL. Interphase analysis was performed on slides with a hybridization efficiency of more than 90%. No significant difference in hybridization efficiency was observed between freshly prepared samples and archival cell suspensions fixed with methanoYacetic acid (3; 1). In all cases of NHL, the signals of BCL2 were observed on the normal chromosome 18, the der(l4), and the der(l8). Figure 2A shows typical split signals of BCL2 in metaphase spreads from patient no.4 with NHL. In contrast, no signal was detected on the der ( 18) in the case of ALL (patient no. 8). However, a positive hybridization signal for BCL2 was detected on the der(l4), indicating t( 14; 18). On the other hand, double-color FISH with Y6 (red) and y302F10 (green) clearly showed a yellow signal on the der(l8) as a result of the colocalization of Y6 and y302F10 (Fig 2D) .
In the HBL-2 cell line, interphase nuclei showed multiple signals for yA153A6, ranging from 7 to 10 spots (Fig 2C) . Southern blot analysis showed amplification of the BCL2 gene in this cell line (data not shown). Seven-fold amplification of BCL2 was observed on the characteristic derivative chromosome 18, add(l8) (Fig 2C) . As shown in Fig 3, the band 18q21-23 appears to be tandemly repeated on the add ( 18) .
Chromosomal in situ suppression hybridization of yA153A6 to tumor interphase nuclei showed three signals (Fig 2B) . This was expected because the YAC clone contained DNA sequences spanning the breakpoint region in 18q21.3 (Fig 1) . In all the NHL patients examined, the percentage of interphase nuclei with three signals ranged from 11 % to 44%. This range was significantly higher than that observed for normal controls (1% to 3%). A patient with ALL showed a percentage of nuclei with three signals (5%) that was comparable with normal controls (Fig 4) . Cells with more than four signals were observed in patients no.4 and 6. In patient no. 6, the percentage of cells with three signals was much higher than that of the other patients carrying t( 14; 18). Although it is possible to show IgH-BCL2 fusion on the der(18)t(14; 18) by double-color FISH with the respective YACs, the efficiency of detection is expected to depend on the breakpoint within the BCL2 gene and on the hybridization efficiency of the 3' sequences of the BCL2 gene truncated and retained on the der ( 18) . For this reason, we used the G M YAC as FISH probe representative of the band 18q21.3 instead of the BCL2 YAC. Figure 5 shows the results of interphase cytogenetic analysis by double-color FISH with a combination of the two band-specific YAC clones, Y6 (IgH) and y302F10 (GRP), both in normal controls and in tumor samples. Patients carrying t( 14; 18) showed one red and one green hybridization signal located at random in interphase nuclei, and one red and green signal that were colocalized (Fig 2E) . In some cases, the colocalized signals appeared to be yellow. In a control study with PHA-stimulated lymphocyte nuclei, the mean interphase distance between the BCL2 and GRP YACs was approximately 1.7 pm. Based on this interphase distance, we have fixed approximately1.5 pm as a distance of colocalized IgH and GRP signals to define cells carrying t( 14; 18). The number of cells with colocalized signals was significantly higher in all the patients carrying t( 14; 18) (48% to 91%) than in normal controls (4% to 13%). The frequency of colocalization appeared to depend on the size of cells examined, because a lower incidence of colocalized signals was observed in amniotic cells (approximately 40 pm in diameter), and higher frequency was observed in lymph node cells (approximately 10 pm in diameter). More than two colocalized signals were observed in patient no. 4; two fusion signals were observed in 36% of nuclei, three were observed in 5% of nuclei, and four were observed in 2% of nuclei.
DISCUSSION
By using FISH with YAC clones, we detected BCL2 translocations in seven patients with NHL and one patient with ALL and the amplification of BCL2 in the HBL-2 cell line in both metaphase spreads and interphase nuclei. Singlecolor FISH with the BCL2 YAC clone allowed us to detect the translocation by showing the split signals in patients with NHL carrying t( 14; 18), and amplification by showing multiple signals. The periodic pattern of fluorescent signals with the BCL2 YAC on the derivative chromosome 18 in the HBL-2 cell line suggests that there may be an amplification unit in band 18q2 1, as has been postulated previously.26 N-myc amplification at the homogeneously staining region in neuroblastoma cell lines has been documented in terms of an amplicon by nonisotopic in situ hybridi~ation.~' In a patient with ALL (no. 8) carrying t( 14; 18), the der( 18) was not labeled, and, hence, it is difficult to detect t(14; 18) in interphase nuclei. The breakpoint of the BCL2 in this patient possibly lies 5' or 3' region of the BCL2 gene covered by yA153A6, involving different DNA sequences from that in NHL patients. Alternatively, the sequence of the truncated BCL2 gene retained on the der(l8) is too small to detect using FISH techniques or cannot be amplified by Ah-PCR.
Single-color FISH with yA153A6 yielded relatively inadequate results for the detection of the t( 14; 18) in interphase nuclei, as compared with the results of double-color FISH using IgH (Y6) and GRP (y302F10) YACs. This is because the size of 3"truncated BCL2 retained on the der(l8) was too small to be consistently shown in interphase nuclei. Furthermore, the presence of additional spots in interphase nuclei such as those originating from background noise or aneuploid karyotype (false positives) can lead to an erroneous diagnosis. In this regard, trisomy 18, a common numerical abnormality in NHL,2X complicates the evaluation of patients with NHL who also carry t(14; 18). as noted in patient no. and 18q21.3) on the der( 18) by double-color FISH. Using this approach, we clearly showed the green-red colocalized signals on the der( 18)t( 14; 18) in both metaphase spreads and interphase nuclei. In addition, more than two colocalized signals were suggestive of duplication andor an isochromosome of der ( 18) , as found in patient no. 4 .
Our results suggest the potential utility of this assay for routine diagnosis in patients with no mitotic cells available for cytogenetic studies. In fact, we identified BCL2 translocation in a minor population of peripheral blood cells obtained from follicular lymphoma (data not shown). Additionally, BCL2 translocation of single cells can be correlated with immunophenotype in individual cells from cell suspensions and tissue sections. This approach will allow further analysis of the biological significance of rearranged BCL2 genes in normal lymphoid tissues of some normal individuals29 and in biopsy specimens of patients with Hodgkin's disease."
In conclusion, both single-and double-color FISH using YAC clones containing the BCL2, IgH, and GRP genes provided a rapid diagnostic aid for the detection of t( 14; 18) in routine cytogenetic studies. In addition, based on the potential to examine interphase nuclei, translocations and amplification of the BCL2 gene can be detected by this method at the single-cell level. 
